The importance of Dissimilatory Nitrate reduction to ammonium (DNra) in the Nitrogen cycle of coastal ecosystems 
DNr a pathWay BiOchemiStry
Recent biochemical and genetic studies yield a great deal of information about the enzymes and genes involved in DNRA and the organisms capable of carrying out fermentative DNRA.
A periplasmic nitrate reductase complex (NapAB) mainly catalyzes the initial reduction of nitrate to nitrite. Nitrite reduction to ammonium is mediated by a pentaheme cytochrome C nitrite reductase (NrfA) and is carried out without producing any intermediate N compound (Einsle et al., 1999 figure 1. some important aspects of the nitrogen cycle emphasizing the pathways important to dissimilatory nitrate to ammonium (DNRa). some of the enzymes known to be involved in the DNRa process, or known to be associated with organisms carrying out DNRa, are shown in yellow. Nap = Periplasmic nitrate reductase. Nrf = Cytochrome C nitrite reductase. NosZ = Nitrous oxide reductase.
2009; Gardner and McCarthy, 2009; Smyth et al., 2013) . A number of studies have found DNRA to be favored over denitrification when salinity increases, especially when salinity changes are large (Gardner et al., 2006; Giblin et al., 2010) .
Others have argued that organisms that carry out DNRA are favored over denitrification at higher temperatures, possibly accounting for the large differences Ecosystems LTER, uptake of nitrate by BMA resulted in relatively low rates of both denitrification and DNRA (Porubsky et al., 2008) . This contrasts with studies in systems with higher nitrate availability where DNRA is more important (Rysgaard et al., 1996) .
The predominance of DNRA can hold under both light and dark conditions (Dunn et al., 2012) , and, surprisingly, variations in DNRA rates and light show no consistent pattern.
Seagrasses
There are only a handful of measurements of DNRA in submerged macrophyte beds. Rysgaard et al. (1996) (Smyth et al., 2013) .
marshes and mangroves
Rivera-Monroy and Twilley (1996) were among the first to suggest that denitrification was not the major nitrate sink in mangrove sediment, and they proposed that immobilization and DNRA may be . a compilation of the data from the literature cited in this paper showing the percent nitrate reduction attributed to different ecosystems or habitats. in cases of subtidal studies where there were seasonal studies, cold conditions (< 12°c) were separated from warm conditions. Data from benthic microalgae (Bma) were separated into light and dark measurements. When data from multiple sites were presented, each site was treated as a separate point. These studies do not include older data obtained by acetylene block methods (reviewed by kelly-gerreyn et al., 2001). These data span a similar range but were not included, as experience has shown that acetylene block may underestimate denitrification. more important. Over the past decade, DNRA rates have been reported for just over a dozen different intertidal wetlands, including high-and mid-latitude Spartina spp. marshes (Poulin et al., 2009; Koop-Jackobsen and Giblin, 2010; Tobias et al., 2001a; Uldahl, 2011; Smyth et al., 2013) , mangroves (Fernandes et al., 2012; Molnar et al., 2013) , intertidal fresh marshes (Neubauer et al., 2005) , and marshes receiving nitrogen delivery from tidal flooding or from groundwater (Tobias et al., 2001b; Porubsky et al., 2011; Viellard and Fulweiller, 2012) .
Studies that consider mineralization
and DNRA indicate that while DNRA can be significant relative to denitrification, it typically remains small relative to NH 4 produced from decomposition (Tobias et al. 2001a (Tobias et al. , 2003 Porubsky et al., 2011) . As was the case for unvegetated sediment, the DNRA contribution to nitrate reduction ranges from < 3%
to > 60-99%. To date, 30% of the studies reported DNRA rates in marshes and mangroves that exceed measured denitrification rates at some sites or times (Neubauer et al., 2005; Koop-Jackobsen and Giblin, 2010; Uldahl, 2011; Fernandes et al., 2012) , and half the studies report DNRA rates that account for 25-50% of the total nitrate reduction. Christensen et al. (2000) found rates of DNRA were three to seven times higher below fish cages than in nearby reference sediment. Beggiatoa mats were present below the fish cage and were presumed to be responsible for the high rates of DNRA. Absolute rates of DNRA were considerably higher in mangroves receiving effluent from shrimp ponds than in nearby sites, and DNRA was two to three times more important as a nitrate reduction pathway than denitrification (Molnar et al., 2013) .
Early researchers proposed that high organic carbon/nitrate ratios favor DNRA over denitrification (Tiedje et al., 1982) . Recent experiments (Streminska et al., 2012) isotope dilution techniques in a flowthrough setting provide a powerful way to more fully describe ammonium dynamics in sediment (Lin et al., 2011) and are just beginning to be used more 
